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The third-order nonlinear optical susceptibility of indium tin oxide 共ITO兲 thin films on glass
substrates, 共3兲ITO, was determined in the near-IR spectral region using degenerate four wave mixing
共DFWM兲 spectroscopy with 100 fs laser pulses. A DFWM method for measuring thin films on thick
substrates was refined for the characterization of films less than 100 nm thick and applied to
⬃25 nm thick ITO films. It was found that 共3兲ITO is purely electronic at 900– 1300 nm
共11 000– 7700 cm−1兲 and has a value of 共2.16± 0.18兲 ⫻ 10−18 m2 V−2. The 共3兲ITO value reaches
共3.36± 0.28兲 ⫻ 10−18 m2 V−2 at 1500 nm 共6700 cm−1兲 due to two-photon absorption by free carriers
共electrons兲. Ultrafast electron relaxation was also observed. The ⬃100 fs lifetime of this process
could reflect electron scattering in the conduction band. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2392995兴
INTRODUCTION

Indium tin oxide 共ITO兲 is a conductive material that
transmits visible light but reflects infrared radiation.1 A number of techniques have been used to grow nanometer to micrometer thick films of ITO on transparent substrates.2–4 This
processability has allowed the unique combination of electrical and optical properties of ITO to be applied to solar cells,
heat-reflecting mirrors, and antireflective coatings.5 Layers
of functionalized materials can be added to ITO thin films by
physical 共i.e., spin coating or vapor deposition兲 or chemical
共i.e., electropolymerization of porphyrins兲 methods.6–11 This
versatility has resulted in ITO being used to prepare electroluminescent devices, flat panel displays, and light emitting
diodes 共LEDs兲.12–16
The electrical and optical properties that have made ITO
useful in a broad array of technologies are a consequence of
the relative energies of the valence and conduction bands.
ITO is a highly degenerate n type, wide band gap
共3.5– 4.3 eV兲 semiconductor with an electrical resistivity of
2 – 4 ⫻ 10−4 ⍀ cm.17–19 The low resistivity is the result of a
degeneracy created during film formation by oxygen vacancies and substitutional tin dopants. As a result, the Fermi
level is above the conduction band edge. This ordering results in a conductive material with a carrier concentration in
the range of 1020 – 1021 cm−3.17,18 These free carriers are responsible for the transition of ITO from a transparent to a
reflective material.
ITO’s shift from a transparent to reflective material occurs over a broad range of wavelengths.17 The free carrier
absorption reaches a maximum when the transmission T and
the reflectance R have the same value.17 This spectral feature
is called the plasma frequency  p.20 The plasma frequency of
a兲
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ITO is usually found in the near IR. The value of  p is
determined by the conditions used in film preparation.17,19 A
simple Drude model describes free carrier effects on the optical and electric properties of ITO.5 According to this model,
 p depends on the concentration of free carriers N,17

2p =

Ne2
 0 ⬁m e*c 2

,

共1兲

where e is the electron charge; 0 and ⬁ are the dielectric
constants of the medium and free space, respectively; me* is
the effective mass of the charge carrier; and c is the speed of
light.
The inherent presence of free electrons in the crystal
lattice of ITO could make it useful in the development of
photonic devices. We recently characterized the two-photon
absorption and nonlinear refraction properties of electropolymerized metalloporphyrin films on ITO substrates.21,22
Many photonic devices are based on nonlinear optical
effects,23 yet the nonlinear optical properties of ITO films
have not been characterized to date. The physical mechanisms that give rise to nonlinear optical effects are similar to
those that contribute to “simpler” optical properties such as
absorbance, reflectance, and transmittance.23 Nonlinear susceptibilities, which describe the efficiency of processes such
as two-photon absorption and nonlinear refraction, depend
on the properties of the ground and excited states.23 In this
paper, we analyze the third-order nonlinear optical susceptibility 共3兲ITO of ITO films in a near IR wavelength region
important for telecommunications and consider contributions
of the plasma frequency and free electron absorption to the
nonlinear spectra.

100, 113123-1
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MATERIALS AND METHODS

ITO/glass slides 共ITO coated Corning 1737 aluminosilicate glass兲 were purchased from Delta Technologies. The
glass substrate was 0.7 mm thick, and the ITO films had a
reported resistance of 100 ⍀ / 䊐. The thickness of the ITO
film, ⬃20– 30 nm, was determined using atomic force microscopy 共Nanoscope IIIA multimode, Digital Instruments兲.
The tapping mode of the AFM was used.
The ITO coated glass slide was cleaned with water, isopropanol, and acetone by sonication in an ultrasonic cleaner
for 5 min in each solvent. The slide was dried with a stream
of nitrogen. In addition to ITO coated substrates, the glass
substrates from which the ITO layer was removed were also
studied. The ITO layer was removed by placing the coated
slide in an aqueous solution of 20% HCl and 5% HNO3 for
10 min. A 1 mm thick silica window 共purchased from Thorlabs兲 was used as a reference in the degenerate four wave
mixing 共DFWM兲 experiments. The transmittance and reflectance spectra were measured with a PerkinElmer Lambda
950 UV-Vis-NIR spectrometer.
DFWM spectroscopy. The “forward box” DFWM geometry has been described previously.24 A femtosecond optical
parametric amplifier 共OPA TOPAS, Quantronix/Light Conversion兲 was used to generate pulses for excitation at
900– 1500 nm 共11 000– 6700 cm−1兲. The OPA was pumped
by a regeneratively amplified Ti:sapphire laser system 共Spitfire, Spectra Physics兲. In a four wave mixing experiment, the
overlap of three laser beams with intensities I1, I2, and I3 in
the sample gives rise to a signal beam I4. Beams I1 – I4 were
s polarized. Signal I4 is proportional to the square of the
material’s third-order nonlinear susceptibility 共3兲,23
I4 = 关共3兲兴2

l2
I 1I 2I 3 ,
n4

FIG. 1. Experimental geometry for DFWM measurements that is based on
different phase-matching conditions for substrates and thin films.

these signals.27 According to this model, the intensity of the
non-phase-matched signals I6 and I5 can be expressed as
I5 = I6 = F关共3兲兴2

共3兲

This expression is identical to that of Eq. 共2兲, except that
the phase-matching effects are described by the inclusion of
factor F. Factor F is

共2兲

where l is the thickness of the material and n is the refractive
index. According to Eq. 共2兲, the DFWM signal should have a
cubic intensity dependence. This dependence was verified in
all of the experiments. The typical excitation intensity used
in DFWM experiments 共I1 + I2 + I3兲 was 14.5 GW cm−2.
DFWM spectroscopy of thin supported films. In DFWM
studies of thin films on thick substrates, the optical signal
contains contributions from both the film and the substrate.
These contributions can be separated using a method based
on the different phase-matching conditions of the thin film
and thick substrate.25–28 As shown in Fig. 1, the phasematched signal I4 propagates in a direction that satisfies geometric 共phase-matching兲 conditions defined as k1 + k2 = k3
+ k4, where ki are the wave vectors of the corresponding
optical beams i 共k4 is a wave vector of an optical signal, and
k1 – k3 are the wave vectors of laser beams兲.27 Signals that do
not satisfy the phase-matching conditions, I5 and I6, are also
generated during the experiment. The propagation direction
of these beams is indicated in Fig. 1. The intensity of these
additional signals relative to that of the fully phase-matched
signal I4 depends on the thickness of the material as described below.
Strokhendl et al. showed that the intensities of I4, I5, and
I6 can be determined by solving Maxwell’s equations for

l2
I 1I 2I 3 .
n4

F=

冋 册
sin共x兲
x

2

where x =

 2 l
,
2nc

共4兲

 is the angle between the optical beams,  is the optical
frequency used in the experiment, and c is the speed of light.
The magnitude of F is largely determined by the thickness l.
Films from nanometer to micrometer thickness will have F
⬇ 1, but thicker materials, such as those used as substrates,
will have F Ⰶ 1.
Strokhendl et al. have applied this method to study
10 m thick C60 films on 1 mm thick CaF2 substrates and
3.1 m thick C70 films on 1.49 mm thick fused silica
substrates.25–28 They showed that for the 3.1– 10 m thick
films, F ⬇ 1, and F ⬇ 0 for the 1 – 1.49 mm thick substrates.
The substrate’s contribution to the I6 signal did not need to
be considered because its phase-mismatched signal amplitude was ⬃1% of the film’s phase-mismatched signal
amplitude.27
Greater attention must be given to the phase-mismatched
signals of the substrate when very thin films are studied. The
ITO films measured in this study are 20– 30 nm thick. Here
we show that a careful analysis of the dependence of F on
the angle  and laser frequency  allows the model described
by Eq. 共3兲 to be applied to the study of such films.
The dependence of factor F on the laser wavelength is
illustrated by the plot shown in Fig. 2共a兲. The F values were
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FIG. 3. Transmission T 共—兲, reflectance R 共---兲, and absorption A 共¯兲
spectra of ITO films used in nonlinear optical experiments.

both the beam angle and laser wavelength, Eq. 共4兲 can be
used to select an angle that will provide the optimal reduction of glass substrate’s phase-mismatched DFWM signals
over a particular spectral region. As shown in Fig. 2共b兲, optimal reduction of the substrate signal in the spectral region
of our studies on 20 nm thick ITO films is provided by
angles of  = 3.2° 共with the wavelength range of
1200– 1500 nm兲 and  = 2.7° 共at 900– 1200 nm兲.
RESULTS AND DISCUSSION

FIG. 2. 共a兲 Factor F values calculated using Eq. 共4兲 for a 20 nm thick film
共¯,  = 2.7° or 3.2°, lines overlap兲 and for a 0.7 mm thick substrate 共—, 
= 2.7° and ---,  = 3.2°兲. 共b兲 Experimental 共symbols兲 and calculated 共lines兲 F
values for 0.7 mm thick silica substrates. The angles used in the experiments
are  = 3.2° 共䊏兲 and  = 2.7° 共䊊兲.

calculated using Eq. 共4兲. The 20– 30 nm thick ITO films
have an F ⬇ 1, and the 0.7 mm glass substrate has F Ⰶ 1 from
350 to 1600 nm 共28 500– 6250 cm−1兲. When  = 2.7°, the
plots in Fig. 2共a兲 indicate that F ⬍ 0.015 from
900 to 1200 nm 共11 000– 8300 cm−1兲. An angle of  = 3.2°
will provide the same reduction in the glass substrate signal
for measurements at 1200– 1500 nm 共8300– 6700 cm−1兲.
A comparison of Eqs. 共2兲 and 共3兲 shows that the value of
factor F can be determined experimentally. By taking the
ratio of the amplitudes of I6 and I4,
F=

I6
I4

共5兲

the experimental results can be compared to the calculated
values as shown in Fig. 2共b兲. The agreement between the
calculated and experimental F values confirms that Eq. 共3兲
accurately describes the intensity of the phase-mismatched
DFWM signals of thick substrates. Because F depends on

Optical spectra. The ITO films used in our study had an
optical transmittance of 85%–90% and reflectance of ⬃10%
at 400– 2500 nm 共25 000– 4000 cm−1兲. Figure 3 shows the
absorbance 共A兲, transmittance 共T兲, and reflectance 共R兲 spectra of the film. 共Absorbance values were obtained from A
+ T + R = 1.兲 The spectra in Fig. 3 are similar to those reported
for 40 nm thick ITO films.18 In particular, the plasma frequency  p, defined by the condition T = R, does not occur in
this wavelength range. It is expected that  p ⬇ 2500 cm−1
共4000 nm兲 for the ITO films studied here based on the reported spectra.17,18
Determination of the nonlinear susceptibility spectrum.
As described above, we measured the phase-mismatched
DFWM signals to determine 共3兲ITO. Measurements were
performed using beam angles of  = 3.2° and  = 2.7°. The
use of two angles allows the nonlinear susceptibility of the
ITO thin films to be characterized over a broad wavelength
range. The 共3兲ITO values were determined by comparing the
amplitudes of the phase-mismatched DFWM signal of the
ITO thin film, I6ITO, and the phase-matched signal of the
silica reference, I4silica,
兩共3兲ITO兩 = 兩共3兲silica兩

冑

I6ITO lsilica n2ITO
,
I4silica lITO n2silica

共6兲

with nITO = 2.0,17 lITO = 20 nm, nsilica = 1.46, lsilica = 1.0 mm,
and 共3兲silica = 2.04⫻ 10−22 m2 V−2 共1.46⫻ 10−14 esu兲.29 The
共3兲ITO spectra are shown in Fig. 4. The I6ITO signals used to
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FIG. 5. Comparison of 共3兲ITO 共䊏兲 and absorption 共—兲 spectra for ITO films.
Two-photon absorption effects are considered here by showing the linear
absorption spectrum 共top scale兲 at two times higher energy than that of the
DFWM spectrum 共bottom scale兲.

FIG. 4. 共3兲ITO spectra measured with  = 3.2° 共a兲 and  = 2.7° 共b兲. The contributions from the substrate to the nonlinear spectra are indicated by the
solid lines. The solid lines are plots of Eq. 共4兲 that are normalized to the
共3兲ITO spectra based on the amplitudes of the phase-mismatched signals for
the glass substrate and the ITO film measured under identical conditions.

generate the 共3兲 spectra shown in Figs. 4共a兲 and 4共b兲 may
have contributions from the glass substrate. Because of the
interference between the ITO film signal with that of the
glass substrate, the separation of substrate’s contribution to
the ITO film signal needs to be carefully considered. To perform this analysis, contributions to the 共3兲ITO spectra from
the glass substrate are indicated as solid lines in Figs. 4共a兲
and 4共b兲 关calculated using Eq. 共4兲兴.
The data in Fig. 4共a兲 show that the small contributions
from the substrate allow the 共3兲 values found at 
⬎ 1200 nm 共⬍8300 cm−1兲, with  = 3.2° to be attributed to
the ITO film. At  ⬍ 1200 nm 共⬎8300 cm−1兲 there is a significant contribution from the glass substrate. This contribution prevents the susceptibility values determined at these
wavelengths from being unambiguously assigned to the ITO
film. The substrate signal is actually larger than the signal
from the ITO coated slide at  ⬍ 1000 nm 共⬍10 000 cm−1兲.
This could be the result of destructive interference between
the film and substrate signals. 共The extent of the interference
depends on the phase difference between the two
components.兲27 Therefore, only 共3兲ITO values measured at
 ⬎ 1200 nm 共⬎8300 cm−1兲 with  = 3.2° are used in the
analysis of the nonlinear optical properties of ITO.
The region between 900– 1100 nm 共11 000– 9000 cm−1兲
is better characterized using  = 2.7° 关Fig. 4共b兲兴. Under these
conditions, the susceptibility spectrum only reflects the properties of the ITO film.

Analysis of the ITO nonlinear susceptibility spectrum.
The composite 共3兲ITO spectrum is shown in Fig. 5. The spectrum only includes susceptibilities measured at wavelengths
where I6ITO was at least two times larger than I6glass. The ITO
film has an essentially constant nonlinear susceptibility from
900 to 1300 nm 共11 000– 7700 cm−1兲, with the value of
共3兲ITO = 共2.16± 0.18兲 ⫻ 10−18 m2 V−2. The 共3兲ITO begins to
increase around 1300 nm 共7700 cm−1兲 and reaches 共3兲ITO
= 共3.36± 0.28兲 ⫻ 10−18 m2 V−2 at 1500 nm 共6700 cm−1兲. The
mechanism of nonlinear polarizability can be determined by
comparing the 共3兲ITO spectrum to the linear absorption spectrum. This analysis allows both one- and two-photon absorption effects to be considered.
First, we consider if one-photon absorption makes significant contributions to the 共3兲ITO spectrum. There is weak
one-photon absorption over the entire spectral region used in
the DFWM experiments 共Fig. 3兲. This absorption increases
from 0.015 at 1150 nm 共8700 cm−1兲 to 0.022 at 1500 nm
共6700 cm−1兲. This gradual rise is different from the sharp
increase at 1300 nm 共7700 cm−1兲 observed in the 共3兲ITO
spectrum. This difference suggests that one-photon effects do
not make significant contributions to the nonlinear polarization of ITO from 900 to 1500 nm 共11 000– 6700 cm−1兲.
Two-photon absorption, which is a third-order nonlinear
process, could also contribute to the 共3兲ITO spectrum. To
evaluate the contributions from two-photon absorption, the
共3兲ITO spectrum must be compared to the absorption spectrum at twice the laser energy 共for example, a two-photon
transition to a state at 750 nm would require the absorption
of two 1500 nm photons兲. This comparison is shown in Fig.
5. The 共3兲ITO and absorption spectra have similar features
when compared in this manner. The sharp increase in absorption at 650 nm 共15 400 cm−1兲 is similar to the increase in the
nonlinear susceptibility at 1300 nm 共7700 cm−1兲. The spectra
are also similar in that both the absorption and the 共3兲ITO
values are essentially constant at lower energies. These similarities suggest that the two-photon absorption contributes to
the nonlinear susceptibility of the ITO films in the near IR.
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The above analysis allows the different regions of the
共3兲ITO spectrum to be attributed to a particular nonlinear
polarization mechanism. We attribute the 900– 1300 nm
共11 000– 7700 cm−1兲 region of the spectrum to the nonresonant polarization. This polarization is most likely due to free
electrons in the conduction band. The ultrafast time response
discussed below supports this assignment. The increase in
共3兲ITO at  ⬎ 1300 nm 共7700 cm−1兲 is attributed to twophoton absorption by the bulk plasmon. 共Measurements of
ITO prepared under various conditions have shown that the
surface plasmon appears at much lower energies;19 therefore
there is likely no significant contribution from the surface
plasmon in the 共3兲ITO spectrum.兲
The 共3兲ITO values found here are comparable to the nonlinear susceptibilities found for other semiconductor thin
films. For example, a 55 nm thick film of ZnO microcrystallites was found to have 共3兲 values ranging from 1.4
⫻ 10−16 to 1.4⫻ 10−14 m2 V−2 共1 ⫻ 10−8 – 1 ⫻ 10−6 esu兲 when
the excitation was at or near the exciton band edge.30 A 共3兲
value of 1.8⫻ 10−16 m2 V−2 共1.3⫻ 10−8 esu兲 was determined
for an 80 nm thick amorphous VO2 film at 532 nm
共18 800 cm−1兲.31 The third-harmonic generation with the laser energy tuned to the absorption edge 共⬃365 nm兲 gave
共3兲 = 3.8⫻ 10−18 m2 V−2 共2.7⫻ 10−11 esu兲 for GaN films on
sapphire substrates.32
The nonlinear optical properties of organic thin films
have also been investigated. The 共3兲 spectrum of C70 was
measured from 740 to 1600 nm 共13 500– 6250 cm−1兲 using
DFWM with femtosecond pulses.26 The 共3兲 values ranged
from 2.37⫻ 10−20 m2 V−2 共1.7⫻ 10−12 esu兲 at 1500 nm to
⬃ 7 ⫻ 10−20 m2 V−2 共5 ⫻ 10−12 esu兲 at 1000 nm. For an electropolymerized film of Mn共III兲-5,10,15,20-tetrakis-共4hydroxytetraphenyl兲porphyrins 共Mn3+ TPP兲, we reported
共3兲 = 1.36⫻ 10−19 m2 V−2 at 1200 nm.21 At the telecommunications wavelength of 1500 nm 共6700 cm−1兲, the optical
nonlinearity of ITO is about 150 times bigger than that of the
C70 film and about 25 bigger than that of the Mn3+ TPP
electropolymerized film.
Polarization relaxation in ITO thin films. Several
DFWM kinetics are shown in Figs. 6共a兲–6共c兲. The ultrafast
nonlinear response supports our assignment of the major
nonlinear mechanism to nonresonant electronic polarization
of free carriers 共electrons兲 in the ITO conduction band. In
addition, each of the kinetics has a slower component which
increases in amplitude at longer wavelengths. A deconvolution assuming a Gaussian laser pulse shape was used to analyze these data.33 When single exponential relaxation was
assumed, the deconvolution yielded lifetimes of DFMW
= 53 fs at 1200 nm 共8300 cm−1兲, 84 fs at 1300 nm
共7700 cm−1兲 and 1450 nm 共6900 cm−1兲, and 130 fs at
1500 nm 共6700 cm−1兲.
The DFWM signal, as expressed by Eq. 共2兲, is proportional to the square of material’s 共3兲 value. Therefore, the
lifetime that describes material’s relaxation is  = 2DFWM. All
lifetimes determined using this approach are summarized in
Fig. 6共d兲.
Several mechanisms could contribute to the femtosecond
relaxation observed in the kinetics in Fig. 6. The tail in the
DFWM kinetics could be due to electron scattering in the

FIG. 6. Phase-mismatched DFWM kinetics at 1200 nm 共a兲, 1300 nm 共b兲,
and 1500 nm 共c兲. A Gaussian function representing a 110 fs laser pulse is
shown for comparison in each plot. A solid line represents fitting 共deconvolution兲 results obtained assuming a Gaussian laser pulse shape and a single
exponential decay. 共d兲 Lifetimes of the exponential component from
1125 to 1500 nm 共쎲兲.

ITO conduction band. The Drude free electron model used to
describe the electrical and optical properties of ITO thin
films relates the plasma frequency  p to the electron scattering time ,34

p =

冑

1
,
Rl0c2

共7兲

where R is the electrical resistance of the material, and the
other parameters were defined above. A lifetime of 162 fs
共the average for the 1270– 1450 nm kinetics兲 gives a  p
= 4166 nm 共2400 cm−1兲. As described above,  p ⬎ 2500 nm
共⬍4000 cm−1兲 for the ITO thin films studied here, and the
estimated  p ⬇ 4000 nm 共2500 cm−1兲 is in good agreement
with the published values for ITO films of similar
thickness.17,18 Thus, the results are consistent with an assignment of the tail in the DFWM kinetics to electron scattering.
The wavelength dependence of the lifetime , particularly the increase at 1500 nm 关Fig. 6共d兲兴, suggests that additional mechanisms may contribute to the femtosecond relaxation in the DFWM kinetics. More detailed studies are
required to establish these mechanisms. In molecular systems, the one- and two-photon absorptions give rise to tails
in DFWM kinetics similar to those in Fig. 6.24 If the increase
in 共3兲ITO at 1500 nm in Fig. 5 is attributed to two-photon
absorption, then the longer lifetime at 1500 nm could be related to the relaxation of two-photon states.
SUMMARY

We have measured the nonlinear susceptibility spectrum
of supported ITO films by using a DFWM technique based
on the different phase-matching properties of thin films and
thick substrates. The nonlinear response at 900– 1300 nm
共11 000– 7700 cm−1兲 is attributed to a nonresonant polarization of conduction band electrons. The 共3兲ITO values increase
at  ⬎ 1300 nm 共7700 cm−1兲. The comparison of 共3兲ITO and
absorption spectra suggests that the enhancement may be due
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to a two-photon process. The DFWM kinetics have a femtosecond component at all of the wavelengths measured in our
experiments. The lifetimes determined by deconvolution are
consistent with the decay being due to electron scattering.
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